ABSTRACT. Little IS known about the relative significance of heterotrophic bacteria in open-ocean oligotrophic environments. The pelagic waters of the Levantine Basln of the eastern Mediterranean Sea are among the most oligotrophic on record. We surveyed the spatial distribution of bacterial abundance, biomass and production along 2 transects of the pelagic waters of the southern Levantine Basin to assess which changes in these parameters may occur in association with varylng physlcal structure and c.hlorophyl1 concentrations, to calculate the relative b~o m a s s contl-ibutions of bacter~a and phytoplankton, and to estimate the magnitude of carbon flux from phytoplankton to bacteria. Chlorophyll had an average concentration of 134 * 85.4 n g 1-' and was relatively uniform throughout the upper 200 m Bacterial numbers ranged from 0.40 to 3 90 X 10H cells 1.' and were generally highest above l10 m. Cocci cells comprised 87";1 of the population with an average volume of 0.049 pm" Bacterlal numbers and biomass were notably high in the Ierapetra Eddy and Mersa Matruh Gyre. Although bacterial numbers and chlorophyll concentrations were not generally correlated, the mean bacterial number was accurately predicted from a regression equation uslng chlorophyll. Over the upper 200 m , bacterial b~omass (x= 603 mgC m-?) was on average about 50% of phytoplankton biomass (2 = 1235 mgC m l ) , which is contrary to other published studies reporting bacterial biomass equalled or exceeded algal biomass in oligotrophic marine waters. Bacterial production ranqed from 0 to 3.91 pm01 TdR 1-'
INTRODUCTION
Bacteria contribute significantly to microbial food webs and biogeochemical cycles in marine ecosystems (Ducklow & Carlson 1992) In oligotrophic oceans bacteria often consume up to half of the primary production via dissolved organic matter and in turn are consumed by protistan grazers (Azam et al. 1983 ). Most studies have been carried out in coastal systems while data from oligotrophic offshore waters are scarce. Consequently little is known about the relative significance of heterotrophic bacteria in open-ocean oligotrophic environments (Fuhrman et al. 1989 . Ducklow & Carlson 1992 . Recent studies have found that in oligotrophic oceans bacterial biomass often exceeds that of phytoplankton (Cho & Azam 1990) . As noted by Fuhrman et al. (1989) , knowledge of microbial processes in these waters is necessary for studying interactions on a global scale as they make up a significant portion of the world ocean.
The pelagic waters of the Levantine Basin of the eastern Mediterranean Sea are among the most oligotrophic on record, with exceptionally low primary productivity (Berman et al. 1984) , chlorophyll and nutrient concentrations in summer (Salihoglu et al. 1990 , Krom et al. 1991 , Yacobi et al. 1995 . Significantly higher nutrient concentrations (5 pM nitrate and 0.2 pM phosphate) are found beneath the nutricline (ca 200 m) and are advected into the upper mixed layer during deep mixing events in winter (Hecht et al. 1988) . Increased nutrient concentrations may be found in summer as a result of physical forces causing water mass movements such as upwelling. Further, a warm core eddy south of Cyprus and the cold core eddy near Kiludes are iocaiizea sites oi nutrient enrichment which may support higher biological activity than in the basin generally (Yacobi et al. 1995) .
To our knowledge only one study has examined hetc:otrophic bacterial abundance and production in the eastern Mediterranean Sea and this was confined to the core and boundary of the Cyprus Eddy (Zohary & Robarts 1992) . We found that bacterial numbers in the euphotic zone were close to the lower threshold value for bacterial abundance in oceans, with means of 2.7 X 108 cells 1-' at the boundary and 4.9 X 10' cells I-' at the core. Bacterial production, as the rate of labelled thymidine (TdR) incorporation into bacterial DNA, ranged from 0.01 to 0.70 pm01 TdR 1-' h-', values which are at the lower end of ranges reported from other aquatic systems (Ducklow & Carlson 1992 , Zohary & Robarts 1992 . The doubling times for bacteria were about 50 d.
In the work reported here, we surveyed the spatial distribution of bacterial abundance, biomass and production along 2 transects of the pelagic waters of the southern Levantine Basin (Fig. 1) . Our objectives were: to determine if the values we recorded in the Cyprus Eddy were characteristic of the basin generally; to assess which, if any, changes in these parameters may occur in association with varying physical structure and chlorophyll concentrations; to calculate the relative biomass contributions of bacteria and phytoplankton; and to estimate the magnitude of carbon flux from phytoplankton to bacteria. Our study was undertaken concomitantly with the synoptic survey of chlorophyll concentrations in the basin by Yacobi et al. (1995) .
METHODS
Data were collected from the RV 'Shikmona' during the LBDS03 (Levantine Basin Dynamic Siudy #3) cruise to the southern Levantine Basin between Israel and Crete. This cruise was also part of the POEM-BC 091 multinational programme. During 2 periods (14 to 24 October and 6 to 11 November 1991) a quasicontinuous profile of temperature and salinity versus depth was measured at each station by a Neil-Brown conductivity-temperature-depth profiler (CTD). A rosette contaming twelve 1.7 1 Niskin bottles (General Oceanics) was mounted on the CTD. The bottles were closed on the upcast. Fig. 1 Map of the eastern Mediterranean research area, constructed from data in Robinson et al. (1991) , Robinson & Golnaraghi (1993) and Yacobi et al. (1995) , showing the dominant mesoscale physical features and the NW-SE and W-E sampling transects (bold lines). (0) Sampling stations of Yacobi et al. (1995) , station numbers are for the present study and are the same numbers as used by Yacobi et al. (1995) & Berman (1989) .
LONGITUDE, E
Station locations are given in Fig. 1 double was calculated as cell numberdcell production per day while specific growth rates were calculated as Water samples were collected at 10 stations on a east-west transect along latitude 33" 30' N and at 5 stations along a NW-SE transect from 35" N, 26" 30' E (near Crete) to 33" N, 28" 30' E ( Fig. 1 ). Samples were obtained from 0, 25, 50, 75, 90, 100, 110, 130, 170 and 200 m at each station and also at 500 and 1000 m at 3 stations. Secchi disc depth was measured at 7 stations. Using Secchi disc depths and the equation of Megard & Berman (1989) , we calculated that the depth to which 1 % surface photosynthetically active radiation (PAR) penetrated was between 54.7 and 123.1 m (Table 1 ). In these very clear waters, however, the depth of 0.1 % PAR penetration (82.1 and 184.7 m) is probably a better estimate of euphotic zone depth than the depth of 1 % PAR, as usually used for more enriched waters. Water samples for nutrient and chlorophyll concentrations (determined fluorometrically after acetone extraction) were concurrently collected at the same depths (Yacobi et al. 1995) . Phytoplankton carbon biomass was calculated from chlorophyll concentrations using a C:chl ratio of 50 (Fuhrman et al. 1989) .
Water samples of 50 m1 were preserved with the Lugol-formaldehyde solution of Sherr et al. (1989) and kept refrigerated until bacteria were enumerated using epifluorescence microscopy and DAPI stain. Bacterial cell volumes were obtained using an image processing program (Tumber et al. 1993 ) and bacterial biomass was converted to carbon units using a power function calculated from Simon & Azam's (1989) data for cell volume and carbon content. Bacterial production was measured using the [methyl-3H]thymidine (TdR) incorporation method of Robarts & Zohary (1993) for oligotrophic waters. TdR was added to water samples at a final concentration of 15 nM, and incubation times were 1 h at ambient temperature. These conditions have been found to be suitable for the TdR assay in these waters (Zohary & Robarts 1992 , Robarts & Zohary 1993 . Bacterial cell production was calculated
The data from each depth were not pooled but were analysed (Pearson Product Moment Correlation) in 10 separate (depth) categories to remove the possibility of autocorrelation with depth (Legendre & Troussellier 1988 ). ln2/cell doubling time. Bacterial carbon production was calculated from the rate of cell production using the mean carbon content of cells (see 'Results').
STUDY SITE
In the Levantine Basin during summer there is a well-defined buoyant surface layer that overlays several mesoscale features: the Cyprus Eddy (also called the Shikmona Gyre) south of Cyprus and the Mersa Matruh Gyre along the Egyptian coast ( Fig. 1 ). There is also an intense anticyclonic eddy (Ierapetra Eddy) located southeast of Crete that was sectioned by our diagonal NW-SE transect.
The physical structure at Stn 76 was representative of the region during our cruise in late summer: the Levantine surface waters (LSW), a warm (22"C), high salinity (39 4 psu) upper mixed layer extending down to about 35 m ; a narrow layer of low salinity (38.8 psu) Atlantic water (AW); a high salinity (39.1 psu) Levantine intermediate water layer (LIW); and at a depth of about 500 m, the cold (13.goC, 38.8 psu) Levantine deep waters (Yacobi et al. 1995) . This structure extended across our study area, being disrupted only at Stns 12 and 18 located within the eddy southeast of Crete. At these stations LSW extended to 150 m and the interface between LSW and AW occurred at about 200 m (Yacobi et al. 1995) . Downwelling to between 200 and 400 m occurred at these stations and at Stn 78.
LIW penetrated to depths greater than 500 m within the gyres (Yacobi et al. 1995) .
Nutrient concentrations varied from ~0 . 0 5 to 6.0 pM nitrate, <0.01 to 0.28 PM orthophosphate and 1.0 to 12.0 pM silicic acid (Yacobi et al. 1995) . The vertical distribution of nitrate and phosphate was fairly uniform throughout our study area except at the downwelling areas noted above. Nitrate and phosphate concentrations were often close to, or below, the detection limits of the method used in the euphotic zone. Yacobi et al. (1995) found that the nutricline began at about 150 to 200 m and that maximal nutrient concentrations occurred at about 600 m. In the downwelling areas the nutricline occurred much deeper than 200 m and with maximal values well below 600 m.
RESULTS
Chlorophyll concentrations ranged from 9.2 ng 1-' at 170 m to 430 ng I-' at 100 m (Table 2, Fig 2) with an average of 134 * 85.4 ng I-' (SD) in the upper 200 m of the water column. As noted by Yacobi et al. (19951 , the vertical distribution of chlorophyll was relatively uniform throughout the study area while a distinct DCM (deep chlorophyll maximum) of about 250 ng 1-' at 90 to l l 0 m was observed at all stations except 12 and 18, located in the anti-cyclonic Ierapetra Eddy (Fig. 2) . At these stations, there was no distinct DCM and chlorophyll concentrations of about 125 ng 1-' were found throughout the upper 200 m. The integrated concentration of chlorophyll in the upper 200 m of the water column ranged from 17.4 to 34.2 pg m-* or carbon biomass values of 869 to 1712 mgC m-2 (Fig. 3) . The highest algal biomass was associated with the Ierapetra Eddy and Mersa Matruh Gyre southeast of Crete (Stns 52 to 53). Across this NW-SE transect algal biomass generally decreased while along the east-west transect biomass was more constant.
Bacterial numbers were generally highest in the upper water column (upper 110 m) and decreased with depth (Figs. 4A & 5A ). In the upper 200 m bacterial numbers ranged from 0.40 to 3.90 X 10' cells I-' (Table 2) . At 500 and 1000 m the numbers of bacteria were markedly lower. Above 110 m bactenal numbers were homogeneously distributed along the east-west transect (Fig. 4A) . Along the NW-SE transect bacterial numbers increased from Stn 52 to Stn 12 in the Ierapetra Eddy and then were homogeneous over the remainder of the transect (Fig. 5A) . Changes in bacterial numbers were positively correlated with sigma-t at 0 m (r = 0.65, 0.03) and at 25 m (r = 0.80, p = 0.002) and inversely with water temperature at 25 m (r = -0.62, p = 0.03). No other significant correlations were found.
COCCI were the dominant cell morphology, representing an average of 87% ot the total population in the upper 200 m. Cocci had a mean diameter of 0.43 * 
Chlorophyll, Bacterial Numbers and Bacterial Production
Bacterial production ranged from 0 to 3.91 pm01 TdR 1-' h-' ( Table 2 ). The highest value occurred in the region of the DCM at Stn 54, and while production was also high in the region of the DCM at other stations, this was not generally the situation (Figs. 2 , 4B , 5B). Bacterial production along the NW-SE transect tended to decrease with depth ( Fig. 5B) , which was not commonly the case on the east-west transect (Fig. 5B) . Bacterial production was correlated with water temperature ( (Fig. 3) .
The specific growth rates for bacteria calculated from the rate of thymidine incorporation varied from undetectable to a maximum value of 0.54 d-' at 100 m (Table 2) . Along the east-west transect bacterial biomass increased from Stn 71, in the east, to Stn 78, in the west, and then decreased (Fig. 3) . On the diagonal transect bacterial numbers and biomass were highest in the Ierapetra Eddy (Stns 18 and 12) and in the Mersa Matruh Gyre (Stn 83). Across all stations bacterial biomass (R = 603 mgC m-2) was on average about 50% of algal biomass ( F = 1235 mgC m-2) in the upper 200 m. This ratio was generally lower along the diagonal transect with values ranging from 25 to 40 % (X = 31 %) whereas along the eastwest transect the range was 52 to 77 % (Z = 63 %). For all stations, algal and bacterial biomass were weakly inversely correlated (r = -0.63, p = 0.01). Cho & Azam (1990) noted that bacterial abundance in the ocean's euphotic zone has a iower threshold of about 3 X 108 cells 1-l. They concluded that photoautotrophic biomass may decrease well below bacterial biomass with increasingly oligotrophic conditions. Our results from the eastern Med.iterranean do not support their conclusions.
In the upper 200 m of the Levantine Basin the mean ch.lorophyl1 concentration was 134 ng 1-' and mean bacterial abundance was 2.03 k 0. Table 2 ) was similar to that reported by Li et al. (1992) for the Sargasso Sea. At a more southerly station in the Sargasso Sea Fuhrman et al. (1989) found bacterial numbers between 10.9 and 22.3 X 10' cells 1-' m the upper 50 m of the water column. These cell abundances are significantly higher than those reported by Li et al. and found by us in the Levantine Basin (Figs. 4A & 5A) although we have previously found up to 6.60 X 10' cells 1-' in the upper waters of the warm-core Cyprus Eddy (Zohary & Robarts 1992) .
For the Levantine Basin we calculated that bacterial biomass was 25 to 77 % (X = 50%)) of phytoplankton biomass (Fig. 3) . In addition to Cho & Azam (1990) several other studies have been published for oligotrophic marine waters showing that bacterial biomass equals or exceeds phytoplankton biomass (e.g. Hagstrom et al. 1988 . Fuhrman et al. 1989 , Li et al. 1992 . The outcome of comparing bacterial and phytoplankton biomass depends upon the conversion factors used to calculate the carbon concentration from chlorophyll concentration or cell numbers. Our res.ults differ significantly from these other studies. We calculated phytoplankton biomass using a C:chl of 50 while bacterial biomass was calculated from measured cell volumes and carbon per cell volume based on the data of Simon & Azam (1989) , values which were the same or not unlike that used in the other studies. Suzuki et al. (1993) reported that bacterial cell volumes from Oregon coastal waters estimated using DAPI were only 57 % ( * 14 SD) of volumes measured using Acridine Orange (AO). Our comparison of bacterial cell volumes from the Eastern Mediterranean with other studies of oligotrophic waters, however, remains valid: Hagstrom et al. and Li et al. stained bacteria using DAPI while Cho & Azam (1990) used both DAPI and AO. Our data, therefore, support the conclusion by Li et al. (1992) that in oligotrophic oceans bacterial biomass may sometimes dominate phytoplankton biomass, but not always (see also Ducklow & Carlson 1992) . Furthermore, biovolumes of cells stained with DAPI may be closer to the true volume. When Caldwell et al. (1992) compared volumes of cells stained with A 0 to those stained with fluorescein using a scanning confocal laser microscope, they found that the volumes of AOstained cells were 37 % greater than fluoresceinstained cells.
The measurement of bacterial growth and production in natural systems is problematic. Several complex processes affect the accuracy of the estimates obtained and different researchers have used a wide range of conversion factors to derive rates of carbon production and growth (Robarts & Zohary 1993) . The use of such assays, therefore, remains controversial. Of the pulselabelling assays currently being used, thymidine is the substrate which has been most widely employed (Ducklow & Carlson 1992 , Robarts & Zohary 1993 . In addition, when working in very oligotrophic waters such as the eastern Mediterranean, the rates of label incorporation obtained are often at the resolution limits of the method (Figs. 4B & 5B, Table 2 ). We have developed a thymidine protocol for use in such waters !Robarts & Zohary 1993 ) and while we believe the rates measured in the eastern Mediterranean should be viewed as conservative, we are also confident that they are as accurate as possible given the method and the low biomass. Our variation between replicate live samples was usually <10%. We are not able to account for the occasional very high rates of TdR incorporation we measured (e.g. Stn 54; Fig. 2 ) and the rate of 0.74 pm01 TdR 1-' h-' measured at 1000 m at Stn 53 seems exceptional ( Table 2 ). The rates of TdR incorporation per cell (Table 2) were within the ranges reported for other freshwater and marine systems (cf. Table 4 in Robarts & Wicks 1990). We have to assume the measured rates of thymidlne incorporation were due to the bacterial community since at the low concentrations of thymidine we used it should not have been available to other microorganisms (Robarts & Zohary 1993) .
The mean rate of TdR incorporation for all stations and depths in the Levantine Basin was 0.31 pm01 1-' h-' (Figs. 4B & 5B, Table 2 ). These rates are at the lower end of values usually reported for open oceans (cf. Ducklow & Carlson 1992) but are similar to the rates we measured in the Cyprus Eddy. Mean bacterial doubling time in the present study was 70.8 14.7 d (SE) ( Table 2 ). These generation times are longer than usually recorded for the open ocean (Fuhrman et al. 1989 , Ducklow & Carlson 1992 but span the range we found associated with the Cyprus Eddy (Zohary & Robarts 1992) and are similar to the value of 65 d reported by Cho & Azam (1988) for the aphotic zone of an oligotrophic north Pacific gyre. For bacterial biomass to dominate phytoplankton biomass, bacterial turnover times must either be substantially longer than that of phytoplankton, or carbon substrates not derived from photosynthesis and grazing on short time scales must be present (Fuhrman et al. 1989 , Ducklow & Carlson 1992 . Phytoplankton population turnover rates are considered to be 0.5 to 2 d-' (Fuhrn~an et al. 1989 , Ducklow & Carlson 1992 . If these rates are applicable to the eastern Mediterranean, it is possible that bacterial biomass could at times exceed phytoplankton biomass in the upper mixed layer.
Few measurements of phytopl.a.nkton production exist for the eastern Mediterranean. Berman et al. (1984) Our bacterial production data are for a single season only and we have not attempted to extrapolate them to an annual value. Berman et al.'s (1984) average daily primary p r o d~~r t i o n estimate of 45 mgC m-2 d-' extrapolates closely (11.3 gC m-' yr-l) to the average of the available annual rates. Our mean daily bacterial production for the upper 200 m of the Levantine Basin was 24.3 mgC m-2 d-' and is about 55% of daily primary production. The magnitude of the flux of carbon from phytoplankton to bacteria is usually calculated by correcting bacterial production rates for respiration uslng a growth yield factor Bacterial production estimated from thymidine incorporation is assumed to equal net production in these calculations. Estimates of growth yield diverge widely, ranging from ~0 . 1 5 to 0.9 (Schwaerter et al. 1988) . We corrected bacterial production for respiration using a growth yield of 0.35 as recommended by Schwaerter et al. (1988) . Bacteria could consume 52 to 276 % (2 = 154 % or 69.3 mgC d-' ) of phytoplankton primary production, assuming that all the organic carbon produced by phytoplankton was available to bacteria. Berman et al.'s (1984) phytoplankton production data were for euphotic zones ranging from 100 to 150 m, similar to our values (Table l ) , while our bacterial production values were integrated over 200 m. Even if we reduced bacterial production by 50%, bacteria would consume up to 138% of phytoplankton production. On the other hand, if we had used a conversion factor of 2 X 10L8 cells proaucea moi : TaR incorporated into DNA to caicuiare bacterial growth, the average from a wide range of marine studies (Ducklow & Carlson 1992) , and. integrated this data over the euphotic zone only, our original estimate that bacteria could have consurned an average of 154 O/u of primary production would hold. Hagstrom et al. (1988) calculated that 60% of primary production was consumed by bacteria in the oligotrophic, pelagic western Mediterranean.
Our calculations indicate that the bacterial population in the Levantine Basin may be acquiring organic carbon not derived from phytoplankton. Fuhrman et al. (1989) addressed the question of how 2 groups (phytoplankton and bacteria) of similarly sized organisms coexist near steady state when one of them is turning over more rapidly than the other. They considered a number of possibilities including the discrimination against heterotrophs by grazers, photolysis of refractory DOC and supply of lablle DOC from rainwater, in addition to the large release of DOC from phytoplankton and release by grazers as proposed by Hagstrom et al. (1988) . For the Levantine Basin a first step in accounting for the large imbalance of carbon flux from phytoplankton to heterotrophic bacteria is to obtain good estimates of water column primary production. Townsend et al. (1988) have cautioned that primary production estimates for this region are possibly low because upwelling events may have been missed during routine surveys. If the imbalance remains, other processes and sources such as those considered by Hagstrom et al. (1988) and Fuhrman et al. (1989) , as well as the aeolian deposition of Saharan Desert dust and eddies, must be investigated.
